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Abstract 23
Natural history collections (NHCs) are the foundation of historical baselines for assessing 24 anthropogenic impacts on biodiversity. Along these lines, the online mobilization of 25 specimens via digitization-the conversion of specimen data into accessible digital 26 content-has greatly expanded the use of NHC collections across a diversity of 27 disciplines. We broaden the current vision of digitization (Digitization 1.0)-whereby 28 specimens are digitized within NHCs-to include new approaches that rely on digitized 29 products rather than the physical specimen (Digitization 2.0). Digitization 2.0 builds upon 30 the data, workflows, and infrastructure produced by Digitization 1.0 to create digital-only 31 workflows that facilitate digitization, curation, and data linkages, thus returning value to 32 physical specimens by creating new layers of annotation, empowering a global 33 community, and developing automated approaches to advance biodiversity discovery and 34 conservation. These efforts will transform large-scale biodiversity assessments to address 35 fundamental questions including those pertaining to critical modern issues of global 36 change. 37
I. The relevance and importance of digitization 38
Anthropogenic impacts, including urbanization, globalization, and climate change, are 39 rapidly transforming our world. Despite our best efforts, however, quantifying the biotic 40 impacts of human activity has been challenging, as evidenced by the difficulty of 41 delimiting the onset of the Anthropocene (Lewis and Maslin 2015) . Part of this 42 uncertainty stems from a lack of historical data that track biotic change over time. Most large NHCs provide specimen data to researchers and the public by mobilizing 54 searchable collection databases online. We assert that these mobilized collections are 55 among the most important advances in museum curation in the past century, significantly 56 opening access to NHCs and greatly stimulating large-scale analyses that span novel 57 academic and societal enterprises. These resources are connecting diverse scholarly 58 domains, propelling a new generation of scientists forward, and removing financial, 59
sociological, institutional, and academic obstacles preventing access to these materials 60 (Drew et al. 2017, Sweeney et al. 2018 ). In short, digitizing a specimen-translating 61 metadata associated with a physical specimen object into flexible digital data formats-62 increases the value of the physical specimen exponentially. 63
64
Here, we present an ambitious, two-pronged vision for digitization, which we term 65 Digitization 1.0 and Digitization 2.0. Digitization 1.0 represents the ongoing push to 66 create digital images and related content directly from physical voucher specimens; 67 Digitization 2.0, in contrast, relates exclusively to data gathering, tasks, or workflows 68 derived from digitized products of Digitization 1.0 rather than from the physical 69 specimens themselves (figure 1). In addition to the vast expansion and online aggregation 70 of these mobilized collections to create a truly global digital NHC, Digitization 2.0 offers 71 the promise of also shifting and growing the workforce and public who interface with 72 these objects to accelerate the progress of digitization. represented by textual metadata from labels or catalogs and typically digital two-97 dimensional images, but increasingly also three-dimensional representations and audio or 98 video recordings where relevant. There exists great variation in specimen size, storage 99 conditions (e.g., fluid-preserved, microscope slides, dry storage), dimensionality (2D 100 versus 3D representation), and detail associated with specimens, not to mention widely 101 varying practices in specimen collection and curation across taxonomic domains and 102
institutions. This heterogeneity of collections and institutional policies and priorities thus 103 creates challenges to efficient mass imaging and gathering of metadata. However, at 104 minimum, digitization workflows should attempt to integrate all available specimen 105 metadata into digitization efforts and appropriately link these data to their associated 106 physical voucher specimens. Beyond traditional linkages, non-traditional metadata 107 associated with the specimen include biotic (e.g., mass) and abiotic data (e.g., climate), 108 media (e.g., video and audio recordings), community-and population-level metadata 109 (e.g., abundance), species observations in the field, and genetic samples (i.e., the 110 "extended specimen" sensu Webster 2017 ). Much of these digital data are served in part 111 or in their entirety via online collection databases (e.g., Arctos, Specify, Symbiota, EMu) 112 or in data aggregators (e.g., iDigBio, Global Biodiversity Information Facility-GBIF, 113
Botanical Information and Ecology Network-BIEN). Linking voucher specimens to these 114 new data layers generated post collection is important and has been facilitated by 115 associating URLs, data accession numbers, digital object identifiers (DOI), or ARKs with 116 specimen records in collection databases. In addition, trait data can be incorporated into 117 specimen records using extensions to the Darwin Core Archives (Yost et al. 2018 ). initiative has identified three issues that must be addressed to maximize efficiency of 158 information retention and distribution. First, museums are obligated to manage, store, and 159 steward additional digital data associated with their physical collections. However, the 160 act of digitization entails significant challenges since it requires sustainably curating both 161 the physical objects and rapidly emerging digital datasets. This issue will necessitate the 162 development of new tools, that centralized aggregators assume increasing responsibility, 163
and will require increased funding in the near future (see Digitization 2.0 below). 164 165 Second, there is concern that large aggregators aimed at connecting researchers with 166
NHCs (e.g., GBIF, iDigBio) (Edwards 2004 ) remove NHCs from the attribution chain. 167
NHCs are frequently funded on their research relevance, which is determined both from 168 within and outside institutions. When researchers view specimen images or harvest 169 metadata from aggregators, NHCs that contribute these data often receive little to no 170 credit (Rouhan et al., 2017) . A mechanism for referencing these source collections needs 171 to be embedded in the publication process that requires that NHCs be acknowledged and 172 notified when publications incorporate their data. A viable solution to this problem is to 173 mint a digital object identifier (DOI) for a digitized specimen and establish a reporting 174 mechanism for collections to be alerted when their specimens have been cited. record (e.g., Darwin Core fields: "organismRemarks"). In mammals and birds, it is 284 common to have measurements on the mass and length of both the whole specimen and 285 parts of the specimen (e.g., testes length, wing length). The aggregation of traits from 286 both the initial collecting event and new annotations will stimulate a wealth of questions 287 and generate a better understanding of global biodiversity through the development of 288 standardized trait vocabularies (Kissling et al. 2018 ). For example, recently developed 289 data-processing tools for the data aggregator VertNet standardized more than 1.5 million 290 measurements for vertebrates using digital data from collections (Guralnick et al. 2016) . 291
Users can now search those specimen records by mass and length, as well as download 292 harmonized trait data associated with individual specimens. The latter allows for new 293 explorations of trait variation within and across species, including spatial and temporal 294 patterns in traits associated with specimens that have collecting dates and georeferenced 295 localities (Riemer et a. 2018) . By expanding this framework to annotate traits to 296 specimens and utilizing online platforms for even 3D representations of specimens, 297
NHCs can facilitate the capture of not only simple traits, ranging from specimen length to 298 the presence of a flower, but also more complex traits requiring more sophisticated 299 representation (e.g., virtual automated dissection of the vertebrate nervous system). 300 301
IV. Concluding thoughts 302
Digitization facilitates the democratizing of collections-based research and is essential to 303 establishing and evaluating biological baselines to assess the impacts of climate change, 304 land use changes, species invasions, and the current mass extinction. It allows for the 305 mining of specimen data in much the same way that we explore organismal genomes. 306
The key to further developing Digitization 1.0 and establishing Digitization 2.0 lies in 307 building upon what the research, funding, and policy communities have learned in the 308 several decades since the initiation of this endeavor. Data-rich NHC specimens are useful 309 and provide unique perspectives on the diversity and distribution of a given taxon. 310
However, if a specimen is not searchable, it will likely not be found or studied despite its 311 potential use. We are already witnessing the fruits of the synergy between Digitization 312 1.0 and 2.0. This will no doubt expand dramatically in the coming decades to involve 313 new domains, new questions, and new audiences that are not yet realized (or even 314 imagined). Only with creativity and improved techniques, including automated and semi-315 automated methods, a better distributed digitization workload making use of new 316 technologies and workforces, and conscientious attention to the attribution chain, will 317 researchers be best able to track ongoing biodiversity change from all existing data. 318
Moreover, even as new technologies and digitization techniques emerge, we will need to 319 always return to physical specimens, in ways that are unimaginable now, to generate 320 novel data to better understand our changing planet. Although we stress the importance of 321 improved methods and practices for digitization, the active collection and continued 322 Figure 1 . Digitization 1.0 and 2.0. Digitization 1.0 is the creation and online mobilization 516 of digital content derived from physical specimens. This endeavor occurs locally within 517 institutions, most commonly Natural History Museums. Digitization 2.0, in contrast, 518 builds upon the digitized data, workflows, and infrastructure produced by Digitization 1.0 519 to facilitate enhanced digitization, curation, and data linkages to address increasingly 520 complex questions at a massive global scale not previously imagined. These efforts are 521 stimulating a new work force and connecting diverse scholarly domains, propelling a new 522 generation of scientists forward, and removing financial, sociological, institutional, and 523 academic obstacles restricting access to these materials. Some areas of inquiry that will 524 be greatly stimulated by both Digitization 1.0 and 2.0 are highlighted. 525 526 Figure 2 . An end-to-end pipeline example to highlight the value and complementarity of 527 Digitization 1.0 and 2.0. The African pig-nosed frog (genus Hemisus) shown (A) was 528 collected during recent field research in Angola. In addition to metadata from the 529 collection event, a series of x-ray images (tomograms) were created using diffusible 530 iodine-based contrast-enhanced computed tomography (diceCT) directly from the 531 voucher specimen. This product of Digitization 1.0 is shown in the black and white x-ray 532 image (B). From these digital x-ray images, a 3D volume was created from the digital 533 data generated during Digitization 1.0 from which students and scientists can digitally 534 dissect and manipulate regions of interest representing the frog's nervous (C), circulatory 535 (D), and muscular (E) systems (Digitization 2.0). 536 537 Figure 3 . Estimating collection sizes and impact on research. (A) Size and geographical 538 distribution of the vascular plant collection at the Harvard University Herbaria (HUH). 539
To statistically estimate the size of this large collection, the total number of specimens in 540 randomly subsampled cubbies were counted. These data were then used to model a 541 probability distribution of the total number of specimens across the entire collection 542 ( 1980. While the total number of physical specimen loans (red) have remained relatively 550 constant in recent years, the number of digital specimen images loaned has grown 551 substantially. 552
